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Abstract. We discuss the reliability of neutrino mass constraints, either active or sterile,
from the combination of different low redshift Universe probes with measurements of CMB
anisotropies. In our analyses we consider WMAP 9-year or Planck Cosmic Microwave Back-
ground (CMB) data in combination with Baryonic Acoustic Oscillations (BAO) measure-
ments from BOSS DR11, galaxy shear measurements from CFHTLenS, SDSS Ly-α forest
constraints and galaxy cluster mass function from Chandra observations. At odds with recent
similar studies, to avoid model dependence of the constraints we perform a full likelihood
analysis for all the datasets employed. As for the cluster data analysis we rely on to the
most recent calibration of massive neutrino effects in the halo mass function and we explore
the impact of the uncertainty in the mass bias and re-calibration of the halo mass function
due to baryonic feedback processes on cosmological parameters. We find that none of the
low redshift probes alone provide evidence for massive neutrino in combination with CMB
measurements, while a larger than 2σ detection of non zero neutrino mass, either active or
sterile, is achieved combining cluster or shear data with CMB and BAO measurements. Yet,
the significance of the detection exceeds 3σ if we combine all four datasets. For a three active
neutrino scenario, from the joint analysis of CMB, BAO, shear and cluster data including
the uncertainty in the mass bias we obtain
∑
mν = 0.29
+0.18
−0.21 eV and
∑
mν = 0.22
+0.17
−0.18 eV
(95%CL) using WMAP9 or Planck as CMB dataset, respectively. The preference for massive
neutrino is even larger in the sterile neutrino scenario, for which we get meffs = 0.44
+0.28
−0.26 eV
and ∆Neff = 0.78
+0.60
−0.59 (95%CL) from the joint analysis of Planck, BAO, shear and cluster
datasets. For this data combination the vanilla ΛCDM model is rejected at more than 3σ
and a sterile neutrino mass as motivated by accelerator anomaly is within the 2σ errors.
Conversely, the Ly-α data favour vanishing neutrino masses and from the data combination
Planck+BAO+Ly-α we get the tight upper limits
∑
mν < 0.14 eV and m
eff
s < 0.22 eV –
∆Neff < 1.11 (95%CL) for the active and sterile neutrino model, respectively. Finally, re-
sults from the full data combination reflect the tension between the σ8 constraints obtained
from cluster and shear data and that inferred from Ly-α forest measurements; in the active
neutrino scenario for both CMB datasets employed, the full data combination yields only
an upper limits on
∑
mν , while assuming an extra sterile neutrino we still get preference
for non-vanishing mass, meffs = 0.26
+0.22
−0.24 eV, and dark contribution to the radiation content,
∆Neff = 0.82± 0.55.
Keywords: cosmology: large-scale structure of Universe; neutrinos; galaxies: clusters.
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1 Introduction
Results from Planck measurements of the cosmic microwave background (CMB) tempera-
ture anisotropies have yielded sub-percent level constraints on the cosmological parameters
of the concordance ΛCDM model [1]. The Planck CMB data by themselves appear to be
well described by the six standard ΛCDM parameters, and show no preference for extended
models. However, in the framework of the ΛCDM model, several probes of the low redshift
Universe exhibit tension with the Planck results. In particular, Planck finds a larger and
more precise value of the matter density at recombination than previous CMB data; this
results in a lower value for the current expansion rate H0, and a higher value of the matter
density fluctuations σ8. These changes lead to a ∼ 2−3σ tension with direct measurements of
H0 [2] and σ8 measurements from galaxy shear power spectrum [3], galaxy-galaxy lensing [4],
redshift space distortion (RSD) [5] and clusters abundance [6–9]. Meanwhile, agreement with
distance measurements from Baryon Acoustic Oscillations (BAO) suggests that the discrep-
ancy cannot be resolved involving exotic dark energy models or curvature which modify the
recent expansion history.
Beside unresolved systematic effects neutrinos can offer a possible means to relieve
this tension. Sterile neutrinos change the expansion rate at recombination and hence the
calibration of the standard ruler with which CMB and BAO observations infer distances, while
massive neutrino, either sterile or active, suppress small scale clustering at late time, relieving
the tension with σ8 measurements [see 10–12, for reviews]. Massive neutrinos are an appealing
solution since oscillation experiments with solar and atmospheric neutrinos have already
provided evidence for their mass, with room for extra sterile species, supported by anomalies
in short baseline and reactor neutrino experiments [13–16]. A number of studies have carried
out joint analyses of various data combinations finding that a neutrino mass of 0.3− 0.4 eV
provides a better fit to CMB data with low redshift Universe measurements than the vanilla
ΛCDM model [17–24], although these conclusions are not universally accepted [25–27]. While,
none of these low redshift datasets combined individually with CMB measurements provide
strong evidence for non-zero neutrino masses, the hint for neutrino mass is driven mainly
by low redshift growth of structure constraints (e.g. from shear and RSD measurements or
cluster number counts).
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In particular, galaxy clusters offer a powerful complementary probe to the CMB and
geometric probes as BAO thanks to the tight constraints provided on the so called cluster
normalization condition, σ8Ω
γ
m [see 8, 28, for reviews in cluster cosmology]. X-ray [6, 29],
Sunyaev-Zel’Dovich [9, 30, 31] and optical [7] cluster surveys yield consistent results favouring
a value for the cluster normalization condition lower than the value derived from Planck data.
This tension between Planck and cluster data and the combination with BAO results could
be taken as an evidence for non-vanishing neutrino masses. However, the robustness of such
constraints from cluster number counts depend on our capability to recover cluster masses
from proxies and to have precise theoretical predictions for the spatial number density of
halos (the halo mass function, HMF) [32–34]. Thus it is worth to investigate possible sources
of systematic errors in cluster data which could lead to misinterpretation of the results and to
assess which combination of low-redshift datasets with CMB data prefers a non-zero neutrino
mass within a given cosmological model.
In this work we derive constraints on neutrino properties combining WMAP9 [35] or
Planck [1] CMB data with several probes of the local Universe: BOSS DR11 BAO scale [36]
and CFTHLenS shear [3] measurements, SDSS Ly-α forest power spectrum constraints [37]
and cluster mass function from Chandra observations [38]. We consider two possible exten-
sions of the standard ΛCDM model: a scenario with three degenerate active neutrinos, or
a sterile massive neutrino model with three active neutrinos distributed as in the minimal
normal hierarchy scenario. So far, many works [e.g. 19, 20, 22, 23] derived neutrino mass
constraints including cluster and/or shear constraints obtained within a ΛCDM model. In
order to avoid misleading results due to model dependence of the constraints we perform a
full likelihood analysis for all the datasets employed in this work, without doing a sampling
of the posterior probability (as in e.g. [18]). In particular for the clusters data analyses we
take into account the effect of possible bias in the mass estimation and adopt different pre-
scriptions for the HMF. As for the latter, we consider the correction to the HMF proposed
by [39] and [40] for cosmology with massive neutrinos. Moreover, we investigate how the
different calibration of the HMF due to baryonic feedback processes presented in [41] affects
the cosmological constraints.
The paper is organized as follows. Section 2 describes the cosmological models and
datasets used in this work. In section 3 we present and discuss our results . Finally, we draw
the main conclusions in section 4.
2 Cosmological data analysis
2.1 Models
The baseline scenario analysed in this work is a ΛCDM model with three degenerate massive
neutrinos, defined by the parameters:
{Ωch2,Ωbh2,Θs, τ, ns, log(1010As),
∑
mν}, (2.1)
with Ωch
2 and Ωbh
2 being the physical cold dark matter and baryon energy densities, Θs
the ratio between the sound horizon and the angular diameter distance at decoupling, τ
the Thomson optical depth at reionization, ns the scalar spectral index, As the amplitude
of the primordial power spectrum and
∑
mν the total neutrino mass. Note that given the
current precision of cosmological constraints from available data, the effect of mass splitting
is negligible and the degenerate model can be assumed without loss of generality [see e.g.
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42]. We then consider a scenario with a massive sterile neutrino component which has been
suggested as a possible solution for the reactor [43], Gallium [44, 45] and accelerator [46]
anomalies in neutrino oscillation experiments. Reactor and Gallium experiments prefer a
new mass squared difference of ∆m2 & 1 eV2, while various accelerator experiments constrain
∆m2 to be ∼ 0.5 eV2 (see [16] and reference therein). For this model we assume one massive
active neutrino with
∑
mν = 0.06 eV (the minimum mass allowed by neutrino oscillation
experiments) and we introduce two parameters to describe the extra hot relic component: the
effective number of extra relativistic degree of freedom ∆Neff and the effective sterile neutrino
mass meffs . The former parametrizes any contribution to the radiation energy content (ρr)
besides photons in the radiation dominated era through the formula:
ρr =
[
1 +
7
8
(
4
11
)4/3
Neff
]
ργ . (2.2)
In the standard model Neff = 3.046 accounts for the three active neutrino species; thus
∆Neff = Neff − 3.046 > 0 indicates new physics beyond the standard model: an extra
thermalised light fermion would contribute ∆Neff = 1, but more generally a non-integer
∆Neff value could arise from different physical phenomena, such as lepton asymmetries [47],
partial thermalisation of new fermions [48], particle decay [49], non-thermal production of
dark matter [50, 51], gravity waves [52] or early dark energy [53]. The large values of the
mass squared difference and mixing angles invoked to resolve reactor, Gallium (sin2 2Θ & 0.1)
and accelerator (sin2 2Θ ∼ 5 × 10−3) anomalies suggest a fully thermalisation of the sterile
neutrino in the early Universe [54], and thus a contribution of ∆Neff = 1 to the dark radiation.
The parameter meffs , in the case of thermally-distributed sterile neutrino, is related to the
physical mass ms via
meffs = (Ts/Tν)
3ms = (∆Neff)
3/4ms (2.3)
where Ts and Tν represent the current temperature of the sterile and active neutrinos, respec-
tively. Alternatively, if the sterile neutrino is distributed proportionally to the active species
due to oscillations the physical mass can be expressed asmeffs = (∆Neff)ms, which corresponds
to the Dodelson-Widrow scenario [55]. In both cases for a fully thermalised sterile neutrino,
∆Neff = 1, one gets m
eff
s = ms. In our analysis we adopt the prior m
eff
s /(∆Neff)
3/4 < 10 eV
to avoid a degeneracy between very massive neutrinos and cold dark matter.
2.2 Data and analysis
We infer posterior probability distributions by means of the Monte Carlo Markov Chain
technique using the publicly available code CosmoMC1 [56] for various combinations of the
following datasets:
CMB – We consider CMB temperature and polarization measurements from 9-year
WMAP data release (hereafter WMAP9) [35] or, alternatively, temperature power spectrum
from the Planck satellite [1] combined with large-scale TE- and EE-polarization power spectra
from WMAP9 (hereafter Planck). These datasets are analysed using the likelihood functions
provided by the Planck collaboration [57], and publicly available at Planck Legacy Archive2
and marginalizing over the foreground nuisance parameters. The helium abundance is com-
puted as a function of Ωbh
2 and Neff , following the Big Bang Nucleosynthesis theoretical
1http://cosmologist.info/cosmomc/
2http://pla.esac.esa.int/pla/aio/planckProducts.html
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predictions. In the Planck analysis we fix the lensing spectrum normalization parameter to
AL = 1, if not otherwise stated. The WMAP9 dataset is not sensitive to the gravitational
lensing signal since its effects can be detected only at large multipoles.
BAO – We include the most recent and accurate measurements of the BAO scales from
BOSS Data Release 11 [36]. Exploiting a sample of nearly one million galaxies observed
over 8500 square degree between redshift 0.2 < z < 0.7, DR11 results provides percent level
constraints on the peak position of the spherically averaged galaxy correlation function at
redshift z = 0.32 and z = 0.57. The likelihood function associated to this dataset is estimated
using the likelihood code distributed with the CosmoMC package.
Shear – We use the 6-bin tomography angular galaxy shear power spectra data from the
CFTHLenS survey [3]3. The survey spans over 154 square degrees in five optical bands, with
shear and photometric redshift measurements for a galaxy sample with a median redshift of
z = 0.70. Constraints from this datasets are derived using a modified version of the CosmoMC
module 4 for the weak lensing COSMOMS 3D data [58]. The code has been substantially
modified in order to reproduce the analysis described in [3] which makes use of 21 sets of
cosmic shear correlation functions associated to 6 redshift bins, each spanning the angular
range of 1.5−35 arcmin, to extract cosmological information. As in [3], we also include in the
module the model for the intrinsic alignment treatment developed by [59], which accounts
for both intrinsic alignment of physically nearby galaxies and the shear-shape correlation
for galaxies separated by large physical distances along the line of sight. This model, which
is based on a fitting approach, has the advantage of needing only one additional nuisance
parameter, marginalized over in the analysis, to predict both the intrinsic alignment contri-
butions to the shear correlation functions. We verified that our module reproduces well the
results presented in [3] for a ΛCDM model.
Ly-α – We rely on the SDSS Ly-α forest data from [37] to constrain the amplitude, slope
and curvature of the linear matter power spectrum at scale k = 0.009 s km−1 and redshift
z = 3. We combine this dataset by implementing the Ly-α likelihood code distributed
with the CosmoMC package. The module has been updated to work with the new version
of CosmoMC and it has been implemented with the patch written by A. Slosar 5 in order to
support extended model analysis. Note that this data set does not include the most recent
BOSS data of [60] that will soon provide an updated value of the upper limits obtained in
[61], by using a new technique to sample the parameter space [62] and hydro simulations that
incorporate massive neutrinos [63].
Clusters – Constraints from galaxy clusters are obtained exploiting the CCCP cata-
logue presented in [38]. The catalogue consists of X-ray Chandra observations of 37 clusters
with 〈z〉 = 0.55 derived from the 400 deg2 ROSAT survey and 49 brightest z ≈ 0.05 clus-
ters detected in the ROSAT All-Sky Survey, which provide a robust determination of the
cluster mass function at low and high redshifts. To derive cosmological constraints we de-
veloped our own module for CosmoMC following the fitting procedure outlined in [38]. For
the cluster masses we use Yx proxy mass estimations [64], which allows us to implement
the X-ray luminosity-mass relation presented in [38] needed to compute the survey volume
as a function of the mass. The theoretical abundance of massive halo is computed using
the Tinker HMF [65], where the coefficient of the fitting formula are obtained interpolating
table 2 of [65] for halos with ∆mean = ∆critical/Ωm = 500/Ωm, according to the cluster mass
3http://cfhtlens.org/astronomers/cosmological-data-products
4http://www.astro.caltech.edu/ rjm/cosmos/cosmomc/
5http://www.slosar.com/aslosar/lya.html
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definition of [38]. We verified that our analysis reproduces accurately the results of [66] for
the combination of WMAP 7-year and CCCP cluster data. To properly take into account
the effects of massive neutrinos on the HMF calibration, we neglect the weakly clustering
neutrino component when calculating the halo mass, as suggested by many authors [e.g. 67–
69]. Moreover, following [39, 40] the variance of the matter perturbations, required to predict
the HMF, is computed using only the cold dark matter and baryon linear power spectrum,
in order to neglect the suppression of the matter density fluctuations on scales smaller than
the neutrino free-streaming length. These corrections entail an increase of the HMF with
respect to the previous calibration. This effect is larger for larger neutrino masses and higher
number of massive neutrino species. In turn, the increase in the HMF affects the resulting
constraints on cosmological parameters, e.g. by steepening the σ8 − Ωm degeneracy direc-
tion, thereby reducing the σ8 mean value [70]. Besides these modifications to the original
analysis of [38] we test the effect of other sources of systematics. To address the impact on
clusters constraints due to baryonic feedback processes we implement the correction to the
HMF proposed by [41]; the net effect of baryonic processes is to generate shallower density
profiles and a corresponding decrease of halo masses with respect to the dark matter only
case used to fit the HMF [e.g. 33, 65, 71–73]. This effect is taken into account correcting
the halo masses through a mass dependent fit to the halo mass variation induced by bary-
onic processes. Similar studies have been carried out by different groups [74–77] that found
consistent results (cf. also [77]).
The main source of systematic errors is related to the uncertainty in cluster mass mea-
surements. For the catalogue used in this work cluster masses have been inferred by using
a scaling relation between total mass and the product of hot intracluster gas mass and tem-
perature, as inferred from X-ray observations. This scaling relation has been calibrated by
resorting to X–ray hydrostatic mass measurements for nearby galaxy clusters [see 38, for
details]. However, mass measurements from X–ray measurements suffer for different sources
of possible systematic biases, e.g. associated to departures from spherical symmetry, to bi-
ases in X-ray measurement of gas temperature [e.g. 78, 79], or to violation of hydrostatic
equilibrium due to the presence non-thermal pressure support [e.g. 80, 81].
To consider this uncertainty we introduce a nuisance bias parameter defined asM est/M true =
BM , which is varied in the range [0.8 : 1.0] when included in the fit. This prior accounts
for the constraints on the mass bias from [82] and [83] obtained comparing Chandra X-ray
masses with MMT/Megacam weak lensing masses of 8 clusters between redshift 0.39− 0.80
and CLASH weak lensing masses of 20 clusters between redshift 0.2 − 0.5, respectively. A
different range for the mass bias, BM ' 0.7± 0.1, is suggested by the analysis by [84] which
however uses X-ray masses derived from XMM–Newton temperature measurements. Tem-
perature measurements from XMM–Newton could be systematically lower with respect to
those obtained from Chandra observations, as discussed by [83, 85, 86], thus providing a
larger mass bias.
3 Results
For each of the cases that we describe here below, we run four independent chains, requiring
the fulfilment of the Gelman & Rubin [87] criteria with R − 1 6 0.03 as convergence test.
The best fit values are obtained with the BOBYQA maximisation routine provided in CosmoMC.
If not otherwise stated, errors and upper limits reported in the text have to be intended at
95% confidence level.
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Figure 1: Summary of the 1σ and 2σ errors on
∑
mν obtained from the dataset combinations
discussed in section 3.1 within a ΛCDM+
∑
mν model.
Figure 2: Left -Joint 68% and 95% CL contours in the σ8 − (Ωm, H0,
∑
mν) planes for
a ΛCDM+
∑
mν model from the combination of WMAP9 (upper panels) or Planck (lower
panels) data with different low redshift Universe probes. Right - Posterior probability distri-
bution for
∑
mν from the same data combination.
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Table 1: Constraints on Ωm, σ8 and
∑
mν for a ΛCDM+
∑
mν model combining different
datasets. Errors are reported at 68% confidence level for σ8 and Ωm, and both 68% and 95%
confidence level for
∑
mν . Notations included in parenthesis denote modifications to the
standard setting: (BC) stands for the baryon correction to the HMF, while (BM ) and (AL)
indicate analyses with the bias or lensing signal parameter marginalized out.
Dataset Ωm σ8
∑
mν [eV]
68%CL 95%CL
WMAP9 0.347+0.043−0.079 0.714
+0.091
−0.068 < 0.68 < 1.22
WMAP9+Cluster 0.264+0.010−0.017 0.780
+0.027
−0.016 < 0.17 < 0.34
WMAP9+Cluster(BM ) 0.275
+0.014
−0.020 0.793
+0.029
−0.019 < 0.16 < 0.33
WMAP9+Cluster(BC) 0.271+0.011−0.017 0.789
+0.026
−0.017 < 0.16 < 0.33
WMAP9+BAO 0.304+0.009−0.011 0.759
+0.062
−0.043 0.28
+0.11
−0.24 < 0.59
WMAP9+Shear 0.305+0.029−0.055 0.726
+0.061
−0.046 < 0.50 < 0.85
WMAP9+Ly-α 0.320+0.026−0.033 0.830
+0.025
−0.021 < 0.13 < 0.29
WMAP9+BAO+Cluster 0.298+0.009−0.009 0.735
+0.015
−0.032 0.35
+0.09
−0.09 0.35
+0.17
−0.17
WMAP9+BAO+Cluster(BM ) 0.298
+0.009
−0.009 0.765
+0.024
−0.028 0.26
+0.11
−0.11 0.26
+0.20
−0.20
WMAP9+BAO+Shear 0.303+0.010−0.010 0.724
+0.028
−0.028 0.38
+0.12
−0.12 0.38
+0.23
−0.24
WMAP9+BAO+Ly-α 0.305+0.009−0.009 0.833
+0.021
−0.019 < 0.09 < 0.19
WMAP9+BAO+Cluster(BM )+Shear 0.297
+0.010
−0.010 0.752
+0.017
−0.022 0.29
+0.11
−0.9 0.29
+0.18
−0.21
WMAP9+BAO+Ly-α+Shear+Cluster(BM ) 0.289
+0.008
−0.08 0.787
+0.019
−0.017 0.16
+0.08
−0.09 < 0.30
Planck 0.355+0.025−0.061 0.775
+0.077
−0.032 < 0.40 < 0.93
Planck+Cluster 0.272+0.008−0.018 0.782
+0.027
−0.013 < 0.15 < 0.34
Planck+Cluster(BM ) 0.287
+0.011
−0.015 0.802
+0.025
−0.012 < 0.12 < 0.27
Planck+Cluster(BC) 0.278+0.009−0.017 0.790
+0.026
−0.013 < 0.14 < 0.32
Planck+BAO 0.309+0.009−0.009 0.819
+0.027
−0.016 < 0.12 < 0.24
Planck+Shear 0.358+0.051−0.078 0.708
+0.093
−0.082 < 0.78 < 1.12
Planck+Ly-α 0.329+0.018−0.024 0.831
+0.024
−0.015 < 0.12 < 0.27
Planck+BAO+Cluster 0.300+0.010−0.010 0.741
+0.015
−0.018 0.32
+0.09
−0.07 0.32
+0.17
−0.17
Planck+BAO+Cluster(BM ) 0.300
+0.007
−0.009 0.791
+0.020
−0.018 0.15
+0.08
−0.08 < 0.28
Planck+BAO+Shear 0.306+0.010−0.011 0.763
+0.025
−0.024 0.26
+0.10
−0.10 0.26
+0.20
−0.21
Planck+BAO+Ly-α 0.310+0.008−0.008 0.836
+0.016
−0.014 < 0.07 < 0.14
Planck+BAO+Cluster(BM )+Shear 0.300
+0.009
−0.011 0.770
+0.021
−0.021 0.22
+0.09
−0.10 0.22
+0.17
−0.18
Planck+BAO+Ly-α+Shear+Cluster(BM ) 0.293
+0.009
−0.010 0.798
+0.018
−0.014 < 0.15 < 0.24
Planck(AL) 0.358
+0.040
−0.067 0.716
+0.081
−0.066 < 0.70 < 1.17
Planck(AL)+Cluster 0.276
+0.010
−0.022 0.769
+0.032
−0.018 < 0.22 < 0.41
Planck(AL)+BAO 0.307
+0.010
−0.010 0.778
+0.047
−0.033 0.22
+0.09
−0.19 < 0.46
Planck(AL)+BAO+Cluster 0.301
+0.009
−0.009 0.734
+0.016
−0.015 0.35
+0.08
−0.08 0.35
+0.15
−0.16
Planck(AL)+BAO+Shear+Cluster 0.300
+0.009
−0.010 0.733
+0.016
−0.014 0.35
+0.08
−0.08 0.35
+0.15
−0.16
3.1 Massive neutrinos
We first turn our attention to the degenerate active neutrino case, whose results are summa-
rized in Table 1 and Fig. 1. To illustrate how different probes of the low redshift Universe
combined with CMB measurements constrain cosmological parameters we use them one by
one, before combining them together (see Fig. 2 and Fig. 3, respectively).
Combing with WMAP9 – The upper panels of Fig. 2 show constraints on the σ8 −
(
∑
mν ,Ωm, H0) planes and the 1D likelihood distribution of
∑
mν for several datasets com-
bined with WMAP9 as CMB data. None of them exhibit tension with WMAP9 results
nor evidence for non-zero neutrino mass. The stronger constraint on the neutrino mass,
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∑
mν < 0.29 eV, comes from the inclusion of Ly-α data, due to the high σ8 value pre-
ferred by this dataset. Similar results (on
∑
mν) involve the inclusion of cluster data which
shrinks and shifts the σ8 − Ωm contours toward lower values requiring small values for the
total neutrino mass,
∑
mν < 0.34 eV. Repeating the analysis with a free mass bias param-
eter (Cluster(BM )) or taking into account the baryon correction to the HMF (Cluster(BC))
slightly increases the σ8 and Ωm values (see left panel of Fig 4) without significantly affecting
the bound on
∑
mν nor its best fit values. In the latter case the errors on σ8 and Ωm remain
unchanged while the suppression of the HMF with respect to the standard case causes the
shift of the two parameters. Conversely, the inclusion of BM in the fit relaxes the bounds on
σ8 and Ωm and shifts their contours owing to the low value assumed by the bias, BM ∼ 0.9.
On the other hand, BAO data shows a mild preference for larger neutrino mass (see right
panel of Fig 2) which displaces the neutrino bounds to higher values,
∑
mν < 0.59 eV, rea-
son for that being the tight constraints on Ωm and the low σ8 value allowed by this datasets
combination. Shear measurement, as cluster number counts, provides constraints on σ8Ω
γ
m
but with a poorer constraining power than clusters data and with a degeneracy direction
more similar to the one given by WMAP9 data; therefore the inclusion of this dataset entails
only a small improvement on neutrino mass constraints.
We start now to perform joint analyses of different probes of the low redshift Universe.
The results are presented in the upper panels of Fig 3. Both the additions of cluster and shear
datasets to the WMAP9+BAO joint analysis result in a larger than 2σ preference for massive
neutrino yielding
∑
mν = 0.35± 0.17 eV and
∑
mν = 0.38
+0.23
−0.24 eV, respectively. Also when
the bias parameter is marginalized out the combination WMAP9+BAO+Cluster(BM ) shows
a 2σ evidence for non-zero neutrino masses, although with larger error bars and a lower
mean value:
∑
mν = 0.26 ± 0.20 eV. The result can be understood as follows: the BAO
scale measurements basically fix the matter density parameter thus breaking the σ8 − Ωm
degeneracy typical of cluster and shear constraints. The tight constraints obtained for these
two parameters along with the large value of Ωm (driven by the BAO data) and small value of
σ8 (driven by cluster abundance or shear measurements) are compensated with a large value
of
∑
mν . At variance, Ly-α data prefers large value of the power spectrum normalization,
and when joined with WMAP9+BAO data the large Ωm and σ8 values inferred require small
neutrino masses yielding the upper limit
∑
mν < 0.19 eV. The further inclusion of shear
data in the WMAP9+BAO+Cluster(BM ) analysis does not improve substantially the error
on the neutrino mass, but decreases σ8 by ∼ 0.01 thus favouring slightly larger neutrino
masses and increasing to 3σ the significance of the mass detection.
Finally we jointly analyse the WMAP9, BAO, Ly-α, shear and cluster data including
BM into the fit obtaining
∑
mν < 0.30 eV. The addition of Ly-α forest measurements
raises the power spectrum normalization by ∼ 0.04 which causes a shift of the neutrino
mass toward lower values and reduces to 1σ the significance of the mass detection. We
decided not to combine Ly-α and cluster data without marginalizing over the bias since
the WMAP9+BAO+Ly-α and WMAP9+BAO+Cluster data are already in tension by more
than 2σ (see upper panels of Fig. 3).
Combining with Planck – Now we repeat the same analysis but replacing the WMAP9
dataset with Planck. The results are summarized in Table 1 and shown in the lower panels of
Fig 2 and Fig 3. Planck provides not only tighter cosmological constraints than WMAP9 data
but it also prefers a larger matter density parameters, which in turn lowers the derived H0
value and increases the power spectrum normalization. For datasets which are consistent with
Planck measurements, i.e. BAO and Ly-α, the combination with this CMB data yields lower
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Figure 3: Left -Confidence contours at 68% and 95% CL in the σ8− (Ωm, H0,
∑
mν) planes
when combining WMAP9 (upper panels) or Planck (lower panels) with many different probes
of the low redshift Universe within a ΛCDM+
∑
mν model. Right - Posterior probability
distribution for
∑
mν from the same datasets.
upper limits on the neutrino mass:
∑
mν < 0.27 eV and
∑
mν < 0.24 eV for Planck+Ly-α
and Planck+BAO, respectively. In this case the CMB+BAO combination does not show
preference for large neutrino mass thanks to the larger value and tighter constraints on σ8
provided by Planck. Conversely, the addition of shear or cluster data, which prefer lower σ8,
shifts the contours outside the region allowed by Planck by 1σ and 2σ, respectively. This
indicates that the extension to massive neutrino is not sufficient to bring the two datasets
in agreement with Planck measurements. The shear measurements does not improve the
constrains on
∑
mν , while clusters number counts yields an upper limit of 0.34 eV . Including
in the cluster analysis the baryon correction to the HMF increases by few percents the σ8
and Ωm values improving the fit by ∆χ
2 ' 2, but it is not sufficient to relieve the tension
between the two datasets. Allowing the bias to vary causes the contours to move towards
the region allowed by Planck bringing the datasets in better agreement at the expense of a
large mass bias, BM ∼ 0.8. In this case the best fit χ2 is reduced by ∼ 9 with respect to the
standard Planck+Cluster analysis and, as expected for consistent datasets, the errors shrink
giving an upper limit of
∑
mν < 0.27 eV.
As above we start now to combine different probes of the low redshift Universe at
the same time. The main results are shown in the lower panels of Fig. 3. Similar to the
previous results the inclusion of cluster or shear datasets in the Planck+BAO joint analysis
results in a preference for massive neutrinos at more than 2σ. We obtain
∑
mν = 0.32 ±
0.17 eV combining Planck, BAO and cluster data and
∑
mν = 0.26
+0.20
−0.21 eV replacing the
latter with shear data. However, looking at the lower panels of Fig. 2 it is clear that the
large mean value of
∑
mν = 0.32 eV obtained from Planck+BAO+Cluster is driven by
the tension between Planck+BAO and cluster constraints. In other words, the resulting
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constraints cannot be used to claim a significant detection of the neutrino mass, but rather
they represent a compromise solution between discrepant datasets. Indeed, if we repeat the
analysis marginalizing over the bias the best fit improves by ∆χ2 ' 11 – in this case the
Planck+BAO and Planck+Cluster(BM ) contours overlap (see middle panel of Fig. 4)– and we
obtain only a mild preference for massive neutrino at 1σ and an upper limit of
∑
mν < 0.28
eV at 2σ. A very tight upper limit of
∑
mν = 0.14 eV results instead from the combination
of Planck with BAO and Ly-α data in agreement with the previous results obtained from
WMAP9 data. Then we add progressively the shear and Ly-α constraints to the joint analysis
Planck+BAO+Cluster(BM ). Again the inclusion of shear measurements after cluster data
does not alter significantly the error on
∑
mν , but lowers by ∼ 0.02 the power spectrum
normalization boosting the total neutrino mass to
∑
mν = 0.22
+0.17
−0.18 eV, thus providing a
2σ evidence for massive neutrinos. Instead, the shift to higher σ8 value induced by the Ly-α
dataset pushes again the mean neutrino mass toward lower value and wipes out the neutrino
mass detection yielding
∑
mν < 0.24 eV.
Another possible way to relieve the tension between Planck and clusters data is to
marginalize over the lensing contribution to the temperature power spectrum, parametrized
by the parameter AL. The Planck Collaboration reported some anomalies when AL is in-
cluded in the fit: for a ΛCDM+AL model they found AL = 1.22
+0.25
−0.22 [1], which is at 2σ from
the expected value of one and 1σ away from the lensing signal extrapolated from the 4-point
function AφφL = 0.99
+0.11
−0.10. Since Planck constraints on neutrino mass mainly relay on lensing
information (massive neutrinos increase the expansion rate at z & 1 suppressing clustering
on sub-horizon scales at non-relativistic transition; see e.g. [1]) marginalizing over AL sig-
nificantly degrades the error on
∑
mν . Moreover, the preferred value of AL > 1 shifts by
∼ 1σ the Ωm−σ8 contours bringing Planck in much better agreement with cluster and shear
data (see right panel of Fig. 4). The joint analysis Planck(AL)+Cluster gives
∑
mν < 0.41
eV with an improved best fit with respect to the Planck+Cluster analysis of ∆χ2 ' 16,
while Planck(AL)+BAO yields
∑
mν < 0.46 eV with a mild preference for massive neutrinos
similar to the results obtained in combination with WMAP9. Combining Planck(AL) with
cluster and BAO yields
∑
mν = 0.35
+0.15
−0.16 eV: the tight constraints on σ8 and Ωm provided
by the combination of cluster and BAO data along with the low value of power spectrum
normalization preferred by the former and large value of the matter density parameter pre-
ferred by the latter require large neutrino masses to bring the two datasets into agreement.
The further inclusion of shear data, whose degeneracy direction between σ8 and Ωm over-
laps the one inferred from Planck(AL) data, does not change the parameter constraints nor
shift their preferred values. For this analysis we do not consider the Ly-α dataset which
exhibits a larger than 2σ tension with Planck(AL)+Cluster and Planck(AL)+shear results in
the σ8 − Ωm plane due to the large value of the power spectrum normalization favoured by
Ly-α forest data.
3.2 Extra sterile massive neutrinos
We now explore the scenario with an extra sterile neutrino component. Table 2 and Fig. 5
summarize the results obtained for the various data combinations. For this cosmological
model we employ only Planck as CMB dataset since the constraints obtained from WMAP9
are much weaker than Planck ones. With the same logic adopted in the previous section we
start combining single dataset with the CMB data and then we add them progressively. The
inclusion of Neff in the fit opens new parameter degeneracies which relax the Planck contours
and bring the cluster and shear constraints in better agreement with the CMB data. In
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Figure 4: Left-Middle panel - Comparison of the confidence contours at 68% and 95% CL
in the σ8−Ωm plane within a ΛCDM+
∑
mν model when combining WMAP9 (left panel) or
Planck (middle panel) with cluster data using different prescriptions: the standard one (Clus-
ter), the baryon correction (Cluster(BC)) or marginalizing over the bias (Cluster(BM )). In
the middle panel are also shown the confidence contours for the joint analysis Planck+BAO:
only when BM is allowed to vary the Planck+BAO and Planck+Cluster(BM ) regions overlap.
Right panel - Joint 68% and 95% CL constraints on σ8 − Ωm for different dataset combined
with Planck with the AL-lensing signal marginalized out.
Figure 5: Summary of the 1σ and 2σ errors on meffs and Neff obtained from the dataset com-
binations discussed in section 3.2 for a ΛCDM+meffs +Neff model with one massive neutrino
of mass mν = 0.06 eV.
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Table 2: Constraints on Ωm, σ8, m
eff
s and ∆Neff for a ΛCDM model with massive sterile
neutrino using different datasets. Errors are reported at 68% confidence level for σ8 and Ωm,
and both 68% and 95% confidence level for meffs and ∆Neff . Notations included in parenthesis
denote modifications to the standard setting: (BC) stands for the baryon correction to the
HMF, while (BM ) corresponds to analyses with the mass bias parameter marginalized out.
Dataset Ωm σ8 m
eff
s [eV] ∆Neff
68%CL 95%CL 68%CL 95%CL
Planck 0.322+0.025−0.030 0.800
+0.052
−0.031 < 0.34 < 0.86 0.49
+0.18
−0.42 < 1.07
Planck+Cluster 0.304+0.026−0.027 0.745
+0.023
−0.037 0.54
+0.26
−0.26 < 0.98 0.84
+0.32
−0.32 0.84
+0.63
−0.60
Planck+Cluster(BM ) 0.295
+0.019
−0.028 0.794
+0.040
−0.032 < 0.38 < 0.69 0.85
+0.28
−0.30 0.85
+0.56
−0.57
Planck+Cluster(BC) 0.296+0.023−0.028 0.770
+0.031
−0.036 0.40
+0.31
−0.19 < 0.81 0.88
+0.30
−0.29 0.88
+0.61
−0.60
Planck+BAO 0.306+0.009−0.009 0.818
+0.033
−0.026 < 0.19 < 0.43 0.50
+0.22
−0.39 < 1.04
Planck+Shear 0.309+0.028−0.028 0.752
+0.037
−0.043 0.48
+0.22
−0.38 < 0.99 0.53
+0.22
−0.37 < 1.30
Planck+Ly-α 0.309+0.023−0.024 0.843
+0.021
−0.021 < 0.11 < 0.27 0.65
+0.30
−0.38 < 1.49
Planck+BAO+Cluster 0.303+0.009−0.009 0.744
+0.013
−0.014 0.53
+0.12
−0.13 0.53
+0.26
−0.24 0.81
+0.31
−0.32 0.81
+0.60
−0.63
Planck+BAO+Cluster(BM ) 0.303
+0.007
−0.009 0.782
+0.020
−0.018 0.35
+0.13
−0.15 0.35
+0.27
−0.27 0.81
+0.29
−0.30 0.81
+0.60
−0.58
Planck+BAO+Shear 0.305+0.09−0.010 0.753
+0.023
−0.022 0.44
+0.16
−0.19 0.44
+0.34
−0.35 0.45
+0.14
−0.40 < 0.99
Planck+BAO+Ly-α 0.305+0.09−0.010 0.844
+0.020
−0.019 < 0.10 < 0.22 0.61
+0.28
−0.32 < 1.11
Planck+BAO+
0.303+0.009−0.009 0.759
+0.017
−0.020 0.44
+0.14
−0.14 0.44
+0.28
−0.26 0.78
+0.31
−0.30 0.78
+0.60
−0.59Shear+Cluster(BM )
Planck+BAO+Ly-α
0.293+0.009−0.008 0.794
+0.016
−0.016 0.26
+0.11
−0.13 0.26
+0.22
−0.24 0.82
+0.27
−0.31 0.82
+0.55
−0.55Shear+Cluster(BM )
particular, Neff > 3.046 increases the radiation energy content (see Eq. 2.2) and affects the
expansion rate of the Universe thus relaxing the bounds on H0 and the scalar spectral index,
with which Neff is positively correlated. When cluster constraints are included we find a
mild preference for massive sterile neutrino meffs = 0.54 ± 0.26 eV (68%), and a 2σ hint for
extra dark radiation ∆Neff = 0.84
+0.63
−0.60. At variance with the Planck+Cluster joint analysis
performed in the previous section – i.e. within a ΛCDM+
∑
mν model – this time the
Planck+Cluster combination does not exhibit strong tension with the Planck results, which
improves the χ2 best fit by ' 11 (e.g. compare the σ8−Ωm panels of Fig. 2 and Fig. 6). This
fact, along with the lower σ8 and larger H0 − ns values preferred by cluster data and the
positive correlation between meffs and ∆Neff accounts for the shift of the two parameters with
respect to the Planck-only analysis (see Fig. 6). Analogous constraints on meffs are provided
by the inclusion of shear measurements which lowers the σ8 mean value, while leaving the
bounds on ns and H0, and thus on ∆Neff, unaffected with respect to the Planck-only results.
If we consider the Planck+Cluster analysis, the BC to the HMF results in a 1σ shift of
the power spectrum normalization toward higher values which reduces the meffs mean value,
while keeping the constraints on Neff and the best fit value almost unchanged (see Fig. 7).
Similarly, but with an increased magnitude, if we repeat the analysis marginalizing over the
bias the preferred σ8 value shifts by 2σ at the expense of a large value for the bias, BM ∼ 0.8,
wiping out the former 1σ preference for meffs larger than zero. For this analysis we find a
mild improvement of the best fit value of ∆χ2 ' 5 with respect to the standard one. At odds
the inclusion of BAO data reduces the error on Ωm and slightly increases the σ8 mean value
with respect to the Planck-only analysis. This results in tighter constraints for the sterile
neutrino mass, meffs < 0.43 eV, and leaves almost unchanged the bounds on ∆Neff . When
joined to the Planck analysis the Ly-α data constrains σ8 in the high values region allowed
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Figure 6: Two dimensional likelihood contours at 68% and 95% CL for σ8− (Ωm,meffs ) and
Neff −meffs from Planck combined with different probes of the low redshift Universe within
a ΛCDM+meffs +∆Neff model. The dashed line shown in the Neff −meffs plane represent the
prior on the physical sterile neutrino mass: meffs /(∆Neff)
3/4 < 10 eV .
Figure 7: Left panel - Comparison of the two dimensional likelihood contours at 68% and
95% CL in the σ8 −Ωm plane from the joint analysis of Planck or Planck+BAO and cluster
data using different prescriptions for the HMF: the standard one (Cluster), the baryon cor-
rection (Cluster(BC)) or marginalizing over the bias (Cluster(BM )). Right panels - Posterior
probability distributions for meffs and Neff from single datasets combined with Planck within
a ΛCDM+meffs +∆Neff model. The colour coding of the lines is the same of Fig. 6 and the
left panel of this figure.
by Planck data and slightly increases the ns and H0 mean values. This entails an upper limit
of 0.27 eV for the effective sterile neutrino mass and a ∼ 20% increase of the ∆Neff mean
values.
We start now to combine Planck CMB measurements with different low redshift probes.
The main results of these analyses are shown in Fig. 8. Also shown in the Neff − meffs
plane are the meffs values motivated by reactor and Gallium anomalies (m
eff
s ∼ 1 eV) and
accelerator anomaly (meffs ∼ 0.70 eV), for a fully-thermalised sterile neutrino component
(∆Neff = 1). As for the ΛCDM+
∑
mν model, including BAO data in the Planck+Cluster or
Planck+Shear analyses provides a 2σ evidence for massive sterile neutrino – meffs = 0.53
+0.26
−0.24
eV and meffs = 0.44
+0.34
−0.35 eV, respectively – reason for that being the tight constraints on
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Figure 8: Upper panels - Confidence contours at 68% and 95% CL in the σ8 − (Ωm,meffs )
and Neff−meffs planes from Planck combined with various probes of the low redshift Universe
within a ΛCDM+meffs +∆Neff model. Also shown in the Neff −meffs plane the value of the
effective sterile neutrino masses suggested by accelerator (green triangle) and reactor and
Gallium (red star) anomalies assuming ∆Neff = 1. Lower panels - 1D likelihood distributions
for meffs and Neff for the same datasets combinations.
Ωm from BAO measurements, which allow to break the σ8 − Ωm degeneracy, and the low
σ8 mean value preferred by cluster and shear data. As for ∆Neff the Planck+BAO+Shear
combination shows only a mild preference for ∆Neff > 0, while the Planck+BAO+Cluster
joint analysis, driven by the large ns value required by cluster data, favours at 2σ an extra
dark radiation component. However, even if not as strong as for the ΛCDM+
∑
mν model,
the Planck+BAO and Planck+Cluster results still exhibits a ∼ 1σ tension (see right panel
of Fig. 7), which could drive the large meffs value obtained from the combination of the
three datasets. Interestingly, at variance with the ΛCDM+
∑
mν analysis, the 2σ detection
of massive sterile neutrino remains also if we repeat the Planck+BAO+Cluster analysis
including the uncertainty in the mass bias. In this case Planck, BAO and cluster(BM )
results are in good agreement and the inclusion of cluster data in the Planck+BAO joint
analysis does not shift the contours outside the region allowed by the latter but only shrinks
the errors, as expected for consistent datasets. Compared to the previous analysis without
mass bias the fit improves by ∆χ2 ' 5. The inclusion of BM in the fit increases the σ8 mean
value by ∼ 0.04 which involves a decrease of ∼ 35% of the mean effective sterile neutrino
mass, meffs = 0.35 ± 0.27 eV, while leaving unaffected the bounds on ∆Neff. This datasets
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combination rejects at more than 3σ the vanilla ΛCDM model, which is located at the origin
of Neff−meffs plane in Fig. 8, but it also disfavours a sterile neutrino mass of meffs ∼ 0.70 eV as
suggested by accelerator experiments, and even more strongly rejects the value of meffs ∼ 1 eV
motivated by reactor and Gallium experiments. The further inclusion of shear measurements
has the effect of favour a slightly lower value of σ8, which increases the mean sterile neutrino
mass by 30% with respect to the Planck+BAO+Cluster(BM ) analysis, thus strengthening
the evidence for a light sterile neutrino species. Moreover, this shift is sufficient to bring the
Neff − meffs confidence contours in agreement with the sterile neutrino mass motivated by
accelerator experiments within 2σ. As in the massive active neutrino scenario, the inclusion
of Ly-α data on the Planck+BAO analysis leads to opposite results. The large value of σ8
preferred by Ly-α data requires small value for the sterile neutrino mass to be consistent
with the Planck+BAO constraints. This provides a thigh upper limit of 0.22 eV on meffs
in agreement with the standard ΛCDM predictions. Finally, we add the Ly-α datasets to
the combination Planck+BAO+Shear+Cluster(BM ) finding m
eff
s = 0.26
+0.22
−0.24 eV. The Ly-α
contours are in tension with the Planck+BAO+Shear+Cluster(BM ) results at more than
1σ, and these constraints on meffs reflect the compromise between the low σ8 mean value
preferred by shear and cluster data and the large one inferred from Ly-α data. As for ∆Neff,
the inclusion of the Ly-α data does not shift its mean value but helps to reduce the errors
giving ∆Neff = 0.82± 0.55, that is a larger than 2σ preference for extra dark radiation.
4 Conclusions
Many recent studies investigated extensions of the ΛCDM model that include massive neu-
trinos as a possible means to relieve the tension between Planck CMB data and several
measurements of the large scale structure (LSS), finding preferences for non-vanishing neu-
trino mass. The neutrino mass claimed detections are mainly driven by low redshift growth
of structure constraints, and in particular by galaxy clusters data, thanks to the tight con-
straints that they provide on the combination σ8(Ωm/0.27)
γ . However, neutrino constraints
from cluster data suffer from systematic errors manly related to the uncertainty in the bias
of the mass-observable relation and the calibration of the HMF in cosmology with massive
neutrino, which often are not taken into account in data analysis. Here we presented neutrino
mass constraints, either for an active and sterile neutrino scenario, from the combination of
CMB measurements with low redshift Universe probes. We employed for our analysis CMB
measurements from WMAP9 or Planck in combination with BAO scale measurements from
BOSS DR11, galaxy shear power spectrum from CFTHLenS, SDSS Ly-α forest power spec-
trum constraints and cluster mass functions from Chandra observations. At variance with
previous similar studies, which included in their analysis constraints derived within a vanilla
ΛCDM model, we performed a full likelihood analysis for all the datasets employed in this
work in order to avoid model dependence of the constraints. Moreover, in the cluster data
analysis we properly take into account the impact of massive neutrino in the HMF calibration
and we investigated the effects on cosmological constraints of the uncertainty in the mass
bias and re-calibration of the HMF due to baryonic feedback processes as suggested in [41].
For both neutrino scenarios assumed and CMB datasets employed, we found that none
of the constraints from the LSS data, combined on a one-by-one basis, with CMB measure-
ments provide strong – i.e. larger than 2σ – evidence for massive neutrino. From the joint
analysis Planck+Cluster we obtained
∑
mν < 0.34 eV but we emphasize that the exten-
sions to three massive active neutrinos is not sufficient to bring the dataset in agreement
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with Planck results. Indeed the extension to massive neutrinos does not improve the fit
of the combination of Planck and galaxy cluster data, with respect to the vanilla ΛCDM
model. Taking into account the effect of baryons on the HMF calibration or the uncertainty
in the mass bias increases the σ8 mean value improving the fit with respect to the standard
analysis of ∆χ2 ' 2 and ∆χ2 ' 9, respectively. In the latter case constraints from Planck
CMB and galaxy clusters agree within 1σ, with their combination preferring a vanishing
neutrino mass. Alternatively, the Planck and cluster datasets can be brought in agreement
marginalizing over the lensing contribution to the temperature power spectrum. In this case
the Planck’ s σ8 − Ωm contours relax and shift by ∼ 1σ, improving the χ2 best fit value by
∼ 16 with respect to the Planck+Cluster analysis. Similarly, assuming an extra sterile neu-
trino species, which introduces in the fit the additional parameter ∆Neff, relaxes the Planck’s
bounds reducing the discrepancy with cluster results by ∆χ2 ' 11 with respect to the same
data combination in a ΛCDM+
∑
mν model. From this analysis we obtained a 1σ preference
for non vanishing neutrino mass and ∆Neff = 0.84
+0.63
−0.60. Including also the mass bias in the fit
further improves the agreement between Planck and cluster datasets by ∆χ2 ' 5 at the ex-
pense of an higher σ8 mean value which cancels the former 1σ detection of massive neutrinos.
Preference for non-vanishing neutrino mass at more than 2σ were found instead combining
CMB and BAO measurements with shear or cluster data. The BAO constraints break the
σ8 −Ωm degeneracy typical of cluster and shear data while the low σ8 mean value preferred
by the latter is compensated by large neutrino mass. However, for the ΛCDM+
∑
mν model,
the large neutrino mass obtained from the joint analysis Planck+BAO+Cluster is driven by
the tension between Planck+BAO and cluster constraints. Indeed, including the mass bias
parameter in the fit reduces the
∑
mν mean value by 50% wiping out the 2σ preference
for massive neutrino, but increasing the χ2 best fit value by ∼ 11. For the sterile neutrino
case, when considering the uncertainty in the mass bias, the fit is improved by ∆χ2 ' 5 at
the expenses of a lower mean neutrino mass but still with a preference for an extra massive
neutrino, meffs = 0.35 ± 0.27eV − ∆Neff = 0.81+0.60−0.58. The significance of the detection in-
creases further including simultaneously shear and cluster data. For a ΛCDM model with
three degenerate massive neutrinos we obtained
∑
mν = 0.29
+0.18
−0.21 eV from the combination
WMAP9+BAO+Shear+Cluster(BM ), while replacing WMAP9 with Planck measurements
we got
∑
mν = 0.22
+0.17
−0.18 eV, or
∑
mν = 0.35
+0.15
−0.16 eV marginalizing over the lensing signal.
For the sterile neutrino case, from the combination Planck+BAO+Shear+Cluster(BM ), we
found meffs = 0.44
+0.28
−0.26eV and ∆Neff = 0.78
+0.60
−0.59, that is a larger than 3σ rejection of the
vanilla ΛCDM model. Assuming a fully thermalised sterile neutrino these constraints reject
at even higher significance a 1.0 eV sterile neutrino as motived by reactor and Gallium anoma-
lies, while a neutrino mass of 0.7 eV as suggested by accelerator anomaly is within the 2σ
errors. Conversely, the Ly-α measurements tend to increase the σ8 mean value with respect
to the CMB data analyses, which in turn entails a preference for vanishing neutrino masses
to be consistent with the other parameters constraints. For the active neutrino scenario we
got
∑
mν < 0.19 eV and
∑
mν < 0.14 eV combining BAO, Ly-α and WMAP9 or Planck
dataset, respectively. Similarly, for the sterile neutrino model we obtained meffs < 0.22eV
and ∆Neff < 1.11. The full data combination provides neutrino mass constraints which re-
flects the compromise between the σ8 values preferred by shear and cluster data and those
inferred from Ly-α measurements. For the ΛCDM+
∑
mν model we obtained only an up-
per limit on the total neutrino mass independently from the CMB dataset employed, while
in the sterile neutrino scenario we still found a 2σ preference for an extra massive species,
meffs = 0.26
+0.22
−0.24eV −∆Neff = 0.82± 0.55.
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In summary, our results highlight that current CMB and LSS probes point towards a
significant detection of the sterile neutrino mass and dark radiation unless the constraints
on σ8 provided by clusters and shear data turn out to be biased toward lower values. As
for clusters, this could be due to a possible underestimate of the cluster mass bias. As for
cosmic shear, an underestimate of σ8 could be induced by a misinterpretation of the intrinsic
alignment signal. On the other hand new BOSS results from the 1D Ly-α flux power spectrum
or Planck CMB data – e.g. due to a different foreground removal technique [88] – could
strengthen or weaken the evidence for non-vanishing neutrino masses.
More in general, our results highlight that current cosmological data already have the
potential to set rather stringent constraints on neutrino masses, which could even challenge
the results from laboratory experiments, but these are hampered by systematics which need
to be better controlled and understood. This becomes even more important in view of
future surveys (eROSITA, SPT3G, DES, DESI, Euclid), that thanks to the large amount
of data to be provided will bring down the statistical errors by large factors. As for cluster
cosmology, the ever increasing number of high quality weak lensing data is expected to
provide in the near term well characterized and unbiased constraints on the absolute cluster
mass calibration. From the theoretical side, refined cosmological simulations which properly
accounts for neutrino and baryonic physics will be crucial to improve the calibration of the
HMF and modelling of the shear and Ly-α forest flux power spectrum.
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